Abstract. Frequent instillation of terbinafine hydrochloride (T HCl) eye drops (0.25%, w/v) is necessary to maintain effective aqueous humor concentrations for treatment of fungal keratitis. The current approach aimed at developing potential positively charged controlled-release polymeric nanoparticles (NPs) of T HCl. The estimation of the drug pharmacokinetics in the aqueous humor following ocular instillation of the best-achieved NPs in rabbits was another goal. Eighteen drug-loaded (0.50%, w/v) formulae were fabricated by the nanopreciptation method using Eudragit® RS100 and chitosan (0.25%, 0.5%, and 1%, w/v). Soybean lecithin (1%, w/v) and Pluronic® F68 (0.5%, 1%, and 1.5%, w/v) were incorporated in the alcoholic and aqueous phases, respectively. The NPs were evaluated for particle size, zeta potential, entrapment efficiency percentage (EE%), morphological examination, drug release in simulated tear fluid (pH 7.4), Fourier-transform IR (FT-IR), X-ray diffraction (XRD), physical stability (2 months, 4°C and 25°C), and drug pharmacokinetics in the rabbit aqueous humor relative to an oily drug solution. Spherical, discrete NPs were successfully developed with mean particle size and zeta potential ranging from 73.29 to 320.15 nm and +20.51 to +40.32 mV, respectively. Higher EE% were achieved with Eudragit® RS100-based NPs. The duration of drug release was extended to more than 8 h. FT-IR and XRD revealed compatibility between inactive formulation ingredients and T HCl and permanence of the latter's crystallinity, respectively. The NPs were physically stable, for at least 2 months, when refrigerated. F5-NP suspension significantly (P<0.05) increased drug mean residence time and improved its ocular bioavailability; 1.657-fold.
INTRODUCTION
As per the World Health Organization recommendations, corneal diseases are recognized as major causes of vision loss and blindness, second to cataract (1) . Fungal keratitis (keratomycosis) is a serious corneal fungal infection frequently caused by species of Curvularia, Aspergillus, Candida, and Fusarium in tropical climates and wearing contact lenses in developed countries (2) . Compared with bacterial infections, the associated-adverse outcomes like the need for a corneal transplant or even eye removal are much more common. To control this infection, the repeated debridement of the associated ulcers along with aggressive and prolonged therapy with antifungal treatment is necessary (3) .
Natamycin is the only available antifungal drug approved by the FDA for the treatment of filamentous fungal keratitis (2) . A concentrated drug suspension (5%, w/v) should be instilled in the lower conjunctival sac every 1 or 2 h, for at least 4-6 weeks, to allow recovery (4) . Terbinafine hydrochloride (T HCl), a wellknown antifungal drug that inhibits ergosterol synthesis and subsequently causes lysis of fungal cell membrane (5), was clinically investigated as an alternative choice (6) . Topical T HCl (0.25%, w/v) drops was proved to be as effective as natamycin suspension for the control of filamentous fungal keratitis. However, the mean duration of treatment with T HCl was longer (7) . Like natamycin, frequent instillation of T HCl drops once per 2 h at nighttime, once per hour in daytime, is necessary to maintain effective drug aqueous humor concentrations (8) .
Considering the fact that the cornea and conjunctiva have negative charges (4) , the design of T HCl-loaded positively charged polymeric NPs would be expected to facilitate the intimate electrostatic interaction with these structures aiming to maintain effective drug concentrations at the site of action for prolonged time periods and reduce the extensive pre-corneal loss caused by the high tear fluid turnover and/or nasolacrimal drainage (9) (10) (11) .
Chitosan and Eudragit® RS100 are commonly employed polymers to develop various ocular drug delivery systems. The former is a biocompatible and biodegradable cationic polymer that was proved to enhance the paracellular drug transport (12, 13) . Chitosan NPs offer many advantages due to their simple preparation methods, low toxicity, high stability (14) , ability to prolong the corneal drug residence time, and/or enhance the intraocular drug delivery (15) . The latter is cationic copolymer synthesized from acrylic acid and methacrylic acid esters with 5% quaternary ammonium groups (16) . Like Eudragit® RL100, Eudragit® RS100 is able to develop stable non-irritant nano-dispersions suitable for ocular drug delivery (17) (18) (19) .
In the current work, chitosan and Eudragit® RS100 were developed as positively charged polymeric NP reservoirs for T HCl. By virtue of their charge and size, these NPs are expected to maintain effective drug concentrations in the aqueous humor for prolonged periods of time. To confirm, the drug pharmacokinetics in the aqueous humor following ocular instillation of the best achieved NPs as well as the oily drug solution was evaluated in rabbits.
MATERIALS AND METHODS

Materials
T HCl, tamoxifen citrate (internal standard), Eudragit® RS100, and Miglyol® 812 (MIG) were kindly donated by Hikma Pharmaceuticals (6th of October City, Egypt), Amriya Pharmaceutical Industries, (Alexandria, Egypt), Röhm Pharma Polymers (Darmstadt, Germany), and Gattefossé (St-Priest, France), respectively. Epikuron® 200 (soybean lecithin with phosphatidylcholine content, >93%) was purchased from Degussa GmbH (Düsseldorf, Germany). Pluronic® F68 (Poloxamer 188) and phosphotungstic acid hydrate (for microscopy) were procured from Fluka BioChemika (Buchs, Switzerland). Chitosan (low molecular weight with a deacetylation degree of 85%) and acetonitrile (HPLC grade) were purchased from Sigma Aldrich Chemical Co., (St. Louis, MO). Spectra Por © semi-permeable membrane tubing (MWCO012,000-14,000 Dalton) was derived from Spectrum Medical Industries (Los Angeles, CA). Ortho-phosphoric acid (HPLC grade) and triethylamine (HPLC grade) were procured from E. Merck (Darmstadt, Germany). Ethyl alcohol (95%, v/v), sodium chloride, calcium chloride, sodium bicarbonate, and glacial acetic acid were supplied by El-Nasr pharmaceutical chemicals Co. (Abu Zaabal, Egypt). All other chemicals were of analytical grade and used as received.
Preparation of Drug-Loaded Positively Charged NPS
Eighteen drug-loaded (0.5%, w/v) NPs were fabricated by the nano-preciptation method at room temperature (20) . The investigated concentrations of the positive charge inducers (Eudragit® RS100 and chitosan), the emulsifiers (soybean lecithin and Pluronic® F68) as well as the phase volume ratio are shown in Table I .
Briefly, accurate amounts of T-HCl, soybean lecithin and Eudragit® RS100 were dissolved in ethyl alcohol (95%, v/v). The latter phase was injected drop-wise into the aqueous phase, containing Pluronic® F68, while stirring. The NPs were spontaneously formed and turned the solution slightly turbid (17) . The resulting dispersion was stirred overnight to allow evaporation of alcohol. Drug-loaded chitosan NPs were prepared, in a similar way, with replacement of the aqueous phase with an equal volume of an aqueous acetic acid solution (1%, v/v) to allow the dissolution of chitosan. Briefly, accurate amounts of T-HCl and soybean lecithin were dissolved in ethyl alcohol (95%, v/v).
The latter phase was injected drop-wise into the aqueous acetic acid solution, containing Pluronic® F68 and chitosan, whilst stirring. To ensure the development of fine NP suspensions, the dispersions were subjected to high pressure homogenization (high-pressure homogenizer cell disputer system, model S-FPC-10-60, Stansted, UK) for 10 cycles at a 1,000 bar (21) . The resulting suspensions were centrifuged (Megafuge 1.0 R, Heraeus, Germany) at 18,000 rpm, at 4°C, for 1 h. The supernatant was discarded while the sediment was resuspended in distilled water.
CHARACTERIZATION OF DRUG-LOADED NPS
Particle Size Analysis and Zeta Potential Measurement
The mean particle size (MPS) of each drug-loaded formula was evaluated by photon correlation spectroscopy (PCS) adopting a Zetasizer Nano ZS (Malvern Instruments Ltd., Worcestershire, UK) at a 90°angle with respect to the incident beam. This technique analyzes the light scattering fluctuations caused by the Brownian motion of particles and yields a light intensity weighted MPS diameter (z-average).
The zeta (ζ) potential was determined using a laser doppler anemometer coupled with the same instrument. This technique measures the electrophoretic mobility of particles and converts into ζ potential using the Helmholtz-Smoluchowski equation built into the Malvern Zetasizer software (22) .
All measurements were conducted, at 25°C, in triplicate. The MPS as well as the ζ potential were statistically (StatView® Ver. 5.0.1, SAS Institute Inc., CA) evaluated at P<0.05 (one-way ANOVA followed by LSD test for multiple comparisons).
Determination of the EE%
Drug-loaded NPs were separated from the un-entrapped drug by centrifugation of the NP suspensions at 18,000 rpm for 1 h at 4°C, as previously described. The EE% was calculated by subtracting the amount of free drug in the supernatant from the initial loaded amount (17) . The EE% was determined, in triplicate, spectrophotometrically (Shimadzu, UV-1601 PC, Kyoto, Japan) at λ max 284 nm after appropriate dilution of the clear supernatant.
Transmission Electron Microscopy
Transmission electron micrographs were captured to visualize the shape and matrix of the individual NPs. The appropriately diluted samples were properly loaded onto copper grids. The NPs were negatively stained with phosphotungstic acid aqueous solution (2%, w/v) for 3 min. As a suitable electron dense opaquing material, phosphotungstic acid is able to adsorb onto NPs, provide high contrast and good preservation (23) . The loaded grids were examined under a transmission electron microscope (Joel JEM 1230, Tokyo, Japan).
In Vitro Drug Release Studies
The in vitro release studies of drug-loaded NPs were conducted in a USP Dissolution tester apparatus, type I (VK 7000 Dissolution Testing Station, Vankel Industries, Inc., Edison, NJ) containing 50 ml of simulated tear fluid (pH 7.4) (24), in triplicate. In order to simulate the ocular surface temperature, the latter was adjusted at 34±0.5°C (25) .
Based on the calculated EE%, accurate volumes of NP suspensions (containing the equivalent to 5 mg of T HCl) were loaded to glass cylindrical tubes (6 cm length×2.5 cm internal diameter) tightly covered with a Spectra Por © semi-permeable membrane tubing (MWCO012,000-14,000 Dalton) from one end. The tubes were hanged to the shafts of the Dissolution tester apparatus from the other end (26) . The rotation speed of the shafts was adjusted at 25 rpm. At specific time intervals up to 8 h, aliquot samples (1 ml) were withdrawn and immediately restored with the same volume of fresh simulated tear. The released drug was assessed by measuring the UV absorbance at 284 nm. The mean (±SD) drug released percentages were plotted versus time.
Mathematical modeling and kinetic analysis of the drug release profiles were conducted to estimate the best fitting kinetic model by fitting of data to Higuchi diffusion (27) and zero-and first-order models. Post hoc multiple comparisons for the drug released percentages after 8 h (P 8 h ) were conducted using LSD test.
Based on these studies, two NP suspensions (F5 and F14) were selected for further studies.
Solid-State Characterization
The NP suspensions were frozen and lyophilized (Novalyphe-NL 500 freeze dryer, Savant Instruments, Hicksville, NY) for 24 h at −30°C at a pressure of 0.05 mmHg. The dried samples were stored in glass vials at room temperature (25°C).
Fourier Transform Infrared Spectroscopy
Fourier transform infrared spectroscopy (FT-IR) spectroscopy studies were conducted to scrutinize any possible interactions between T HCl and the investigated polymers (Eudragit® RS 100, chitosan) through chemical bonds was assessed via FT-IR analysis. Briefly, the FT-IR spectra of T HCl, Eudragit® RS100, chitosan, T HCl/Eudragit® RS100 physical mixture (1:1), T HCl/chitosan physical mixture (1:1), T HCl-loaded Eudragit® RS100-based NPs (F5) and T HCl-loaded chitosan-based NPs (F14) were scanned in the spectral region between 4,000 and 400 cm −1 on FT-IR spectrophotometer (IR Affinity-1, Shimadzu, Kyoto, Japan) at a S/N ratio of 30,000:1. The samples were mixed with potassium bromide (1:10, w/w) and pressed to develop suitable discs for FT-IR spectroscopy. Since the potassium bromide has no absorption in the fundamental FT-IR spectrum region, only the spectrum of the investigated sample is obtained.
X-ray Diffractometry
The crystalline state of the drug in the developed NPs was evaluated by X-ray diffractometry (XRD) analysis. The X-ray spectra of T HCl, Eudragit® RS100, chitosan, T HCl: Eudragit® RS100 physical mixture (1:1), T HCl/chitosan physical mixture (1:1), T HCl-loaded Eudragit® RS100-based NPs (F5) and T HCl-loaded chitosan-based NPs (F14) were recorded on X-ray diffractometer (Diano, XRD-8000, Woburn, MA) using Ni-filtered CuK α radiation at a wavelength of 1.542 A, generated with 40-kV accelerating potential and 20-mA tube current. The instrument was operated in the continuous scanning speed over a 2θ range of 5°to 50°(28).
Short-term Physical Stability Studies
Nanosuspensions were stored in glass vials for 2 months at room temperature (25°C) and at refrigerator (4°C) (2, 17) . At specific time intervals (15 days), the samples were visually observed for any sedimentation. The MPS, ζ potential as well as EE% were measured and compared with the corresponding values when freshly prepared.
In Vivo Studies in Rabbits
The drug pharmacokinetics in the aqueous humor following ocular instillation of the best achieved NPs (F5) and the oily drug The rabbits (2-2.5 kg) were accommodated in cages kept in a light-controlled (alternate night and day cycles, 12 h each) air-conditioned chamber under controlled humidity (60±5%). The feeding on standard laboratory diets and water ad libitum was ensured. Before the beginning of the study, a medical checkup by a veterinarian was conducted to check their physical state and ensure the lack of clinically observable abnormalities. By the end of the study, the rabbit bodies were collected, frozen and incinerated (Faculty of Veterinary Medicine, Cairo University, Egypt).
ESTIMATION OF DRUG PHARMACOKINETICS IN THE AQUEOUS HUMOR OF RABBITS HPLC Analysis of T HCl
The quantitative determination of T HCl pharmacokinetics in the rabbit aqueous humor was based on a previously validated HPLC method using a Merck Hitachi LaChrom HPLC system (Darmstadt, Germany) (29) . A reversed phase micro-particulate Agilent® C 18 column (150×4.6 mm, 5 μm; Kansas) was attached. The mobile phase was an equimixture of acetonitrile and water containing o-phosphoric acid (0.02 M) and triethylamine (0.012 M). Elution was carried out at a flow rate of 1.2 ml/min with UV detection at 224 nm. Tamoxifen citrate (T Cit) was employed as an internal standard (5 μg/ml). Under these circumstances, the retention times of T HCl and T Cit were 4.1 and 8.8 min, respectively. Peak areas were determined with a C-R6A chromatopac Shimadzu integrator. A linear (r 2 00.997) standard curve was constructed by plotting the peak area ratio of (T HCl/T Cit) against (T HCl) concentration in the rabbit aqueous humor. The procedural constant was calculated from the slope of the standard curve. The limits of detection and quantification were 5 and 10 ng/ml, respectively. In order to estimate the recovery percentage as well as the analytical method repeatability, three quality control samples were selected (QCL, 50 ng/ml; QCM, 1,250 ng/ml; and QCH, 2,500 ng/ml) representing low, medium, and high concentrations, respectively. The recovery percentages of these samples were 90.331, 93.773, and 95.868, respectively. In a parallel line, the repeatability was assessed by estimation of the relative standard deviation percentages (RSD%) for three replicates of each quality control sample. The RSD percentages of these samples were 0.213%, 0.191%, and 0.201%, respectively; confirming an acceptable degree of repeatability.
Study Design
A two treatment, non-blind, randomized, parallel design was adopted to compare the drug pharmacokinetics in the rabbit aqueous humor following ocular instillation of the best achieved drug-loaded NP suspension (F5). At 34°C, the saturated solubilities of T HCl in simulated tear fluid (pH07.4) and Miglyol® 812 were 1.450±0.231 and 5.956±0.216 mg/g, respectively. Consequently, the reference formulation was developed as an oily T HCl solution (0.5%, w/v) in Miglyol® 812. The study protocol was reviewed and approved by the institutional review board (REC-FOPCU; Research Ethics CommitteeFaculty of Pharmacy, Cairo University) in Egypt.
Instillation of Drug Treatments and Sample Processing
Twenty rabbits were randomly divided into two groups. The NP suspension (F5) was instilled (50 μl) in the lower conjunctival sac of the right eye of each rabbit belonging to the first group (Treatment A) while the same volume of the oily drug solution was applied to those of the second group (Treatment B). The rabbits were systemically anaesthetized with ketamine hydrochloride (intramuscular injection, 50 mg/ kg) along with xylazine as a muscle relaxant (intramuscular injection, 10 mg/kg) (30) . At 5 min intervals, the loading of formulae was performed in two instillations using a micropipette. Care was taken to avoid touching the eye surface (8) . At 0.5, 1, 2, 4, and 8 h post-instillation, the rabbits were locally anaesthetized (benoxinate HCl, 0.4% (w/v)) and aqueous humor samples (0.15 ml) were withdrawn by anterior chamber paracentesis (30) (31) (32) . Following each sampling point, an ophthalmologist examined the ocular surfaces via a slit lamp to detect the presence of any damage and/or inflammation based on a scoring system ranging from (0, no inflammation to +4, and severe inflammation/damage). By the end of the study, half the number of rabbits showed moderate to severe inflammation/ damage (+2 to +4). Consequently, they were excluded from the study to avoid possible negative influences on the drug pharmacokinetics. The remaining rabbits (five per group) showed minor or little inflammation (+1) and were selected to be included in the study.
The aqueous humor samples were stored at −20°C until HPLC analysis. Prior to HPLC analysis, the thawed aqueous humor samples were spiked with T Cit. In order to precipitate the associated proteins, the spiked samples (0.10 ml) were vortex mixed (30 s) with acetonitrile (0.20 ml). Following centrifugation (15 min, 2,000×g), the drug content in the organic phase layer was determined by HPLC.
Pharmacokinetic Analysis
The concentration of T HCl (mean±SD) in the rabbit aqueous humor was plotted against time. The maximum drug concentration (C max , in nanograms per milliliter) as well as the time to reach C max (T max , in hours) were directly obtained from the individual subject curves. The mean residence time (MRT, in hours) was estimated using WinNonlin® software (Ver. 1.5, NC) adopting a non-compartmental pharmacokinetic analysis. The area under the aqueous humor concentration-time curve (AUC (0-8) , in nanograms per hour per milliliter) was calculated using the trapezoidal rule method. The results were statistically evaluated, using one-way ANOVA, at P<0.05. The increase in the ocular drug bioavailability (folds) was estimated by dividing the AUC (0-8) of the NPs (F5) over that of the oily drug solution (30) .
RESULTS AND DISCUSSION
T HCl-loaded NPs were efficiently prepared at room temperature by the simple nano-precipitation (solvent displacement) method originally developed by Fessi et al. (20) . As reported (33) , this technique is easy, less energy consuming, requires few additives and usually succeed in developing well defined NPs. The method is based on the interfacial deposition of a polymer (Eudragit® RS100 or chitosan) following the displacement of a semi-polar solvent (ethyl alcohol) miscible with water (17) . The choice of ethyl alcohol was based on its high ability to reduce the surface tension of the aqueous phase. As suggested by ElShabouri (21), the perturbation of the interface arising from the rapid diffusion of ethyl alcohol across the aqueous phase spontaneously produces a much larger interfacial area resulting in much finer droplets.
CHARACTERIZATION OF T HCL-LOADED NPS Particle Size Analysis
The particle size for ophthalmic applications, as recommended by Zimmer and Kreuter (34), should not exceed 10 μm. Larger sizes might cause a scratching feeling, ocular irritation and patient discomfort. Figure 1 shows the MPS of drug-loaded Eudragit® RS100-based (A) and drug-loaded chitosan-based (B) NPs. The former NPs have MPS ranging from 120.247 (F3) to 277.627 nm (F7) while a wider MDS extending from 73.297 (F12) to 320.150 nm (F16) was achieved following the incorporation of the latter. It is clear that the developed NP suspensions exhibited particle size distribution range suitable for ocular application.
It could be inferred that the MPS is dependent on the charge inducer type and the charge inducer/Pluronic® F68 ratio. At a fixed charge inducer ratio, the increase in Pluronic® F68 ratio would allow the fabrication of smaller NPs. This might be attributed to the higher emulsification power associated with the use of a higher amount of the surfactant. The lower surfactant concentrations might not be able to cover the entire organic droplet surface (35) . Thereby; some of the droplets would tend to aggregate till the surface area is decreased to a point that the available amount of surfactant was able to coat the entire surface of the agglomerate and thus forming a stable emulsion with relatively larger droplets. Consequently, larger NPs would be produced following solvent evaporation (36) .
At a fixed drug concentration, the increase in the charge inducer ratio would allow the production of larger NPs. This might be related to the repulsion between the positively charged polymers and the positively charged drug molecules. In a parallel line, Das et al. (37) , developed amphotericin B-loaded Eudragit RS 100-based NPs and found an inverse correlation between the MPS and the drug concentration, at a fixed charge inducer ratio. This was related to the probable spatial interaction due to electrostatic charges between the negatively charged drug and the positively charged Eudragit® RS 100. The increased dispersion viscosity could be considered as another possible explanation. At a fixed dispersion volume, the increase in the charge inducer ratio would produce a marked increase in the viscosity. This would allow the production of larger droplets and subsequently, larger NPs following solvent evaporation (35) .
Zeta Potential Measurement
The ζ potential values, listed in Table II , show the effect of Eudragit® RS 100 and chitosan on the surface charge of NPs. The developed NPs were positively charged with ζ potential values ranging from +20.51 (F1) to +40.32 mV (F18). These results might be related to the synergism between the positively charged drug and the positively charged polymers. As reported (16) , the positive charges in Eudragit® RS 100 and chitosan are related to the quaternary ammonium groups and the protonated amine groups, respectively. These positive charges could allow for a prolonged drug contact time by ionic interaction with the negatively charged sialic acid residues present in the mucous of the cornea and conjunctiva (17) .
Drug EE Percentages
The drug EE percentage explicitly indicates the percentage of T HCL encapsulated within NPs with respect to the total amount of Terbinafine HCL added to the system. As shown in Table II , the drug EE percentages were high and ranged from 65.67% (F1) to 78.98% (F9) and from 60.35% (F10) to 71.89% (F18) for Eudragit® RS 100-and chitosan-based NPs, respectively (Table II) . The high drug EE% could be attributed to two reasons. Firstly, T HCL is a very slightly water soluble drug that would be preferentially partitioned into the organic phase, rather than the aqueous phase, of the dispersion. The lipophilic nature of Eudragit® RS 100 could promote the entrapment of high drug percentages according to "like dissolves like" rule. Consequently, the lower drug EE% of the corresponding chitosan-based NPs could be referred to the hydrophilic nature of chitosan. As a second reason, the incorporation of two surfactants, Pluronic® F68 and lecithin, would produce strong coherent films around the individual droplets. This could be expected to minimize the loss of the drug into the aqueous phase (21) .
The drug EE% is directly correlated to the drug: polymer ratio. At a fixed volume of the organic phase, increasing the polymer concentration would produce a marked increase in viscosity. This would minimize the diffusion of the drug into the external phase resulting in higher drug EE% (38) . Similarly, a direct correlation was observed between the drug EE% and Pluronic® F68 concentration. Higher surfactant concentrations would generate smaller droplets with greater surface area. This would allow for rapid solvent evaporation, promote faster hard- ening of NPs and consequently leave shorter time for drug diffusion into the external aqueous phase (39).
Transmission Electron Microscopy
Representative photomicrographs of drug-loaded Eudragit® RS100-(F5) and chitosan-based (F14) NPs are shown in Fig. 2 . It is clear that developed NPs were spherical, discrete and have a comparable size to that calculated by PCS and depicted in Fig. 1 . The latter NPs appear to have more uniform particle size distribution than the former.
In Vitro Drug Release Studies
The in vitro drug release profiles of drug-loaded Eudragit® RS100-and chitosan-based NPs are graphically illustrated in Figs. 3  and 4 , respectively. It could be inferred that the drug released percentages are dependent on the drug: Pluronic® F68 ratio (1:1, 1:2, and 1:3) as well as the drug/polymer ratio (1:0.5, 1:1, and 1:2).
By the end of the study period, higher drug released percentages were observed with the formulae (F3, F6, F9 , F12, F15, and F18) prepared at a drug/surfactant ratio of 1:3. The P 8 h values of their dissolution profiles were higher than those prepared at lower drug/surfactant ratios. Similar findings were observed with those formulae (F1, F2, F3, F10, F11 , and F12) prepared at a drug/polymer ratio of 1:0.5. The P 8 h values of their dissolution profiles were higher than those prepared at higher drug/polymer ratios (Table III) . As previously suggested, the higher surfactant concentrations and/or the lower polymer concentrations would generate smaller droplets and consequently smaller NPs following solvent evaporation. In either case, the entrapped drug would exhibit a shorter pathway to get in contact with the dissolution medium. This suggestion is in line with Atef and Belmonte who concluded that the amount of dissolved drug in the aqueous phase at time t is inversely proportional to the radius of the droplets (40) .
Mathematical modeling of the drug release data of the formulae prepared at a drug: polymer ratios of 1:0.5 or 1:1 could be best fitted to zero order kinetics while other formulae prepared at a drug: polymer ratio of 1:2 followed Higuchi's diffusion kinetics (Table III) . These findings are in accordance with those of Pignatello et al. (41) who found that the drug release from Eudragit® RL100 nanosuspensions was complex in nature and involved the occurrence of dissolutive and diffusive phenomena. Of the investigated formulae, F5 and F14 were chosen for further studies.
Solid-State Characterization
In order to provide an alternative promising choice to the possible physical and/or chemical stability problems of the drug, the developed nanoparticle (NP) suspensions were freeze dried to be reconstituted prior use. The additional convenience of the transportation, distribution, storage, and dosing would make these preparations promising industrial product (26) .
FT-IR Spectroscopy
FT-IR spectra of T HCl, Eudragit® RS100, chitosan, T HCl/Eudragit® RS100 physical mixture (1:1), T HCl/chitosan physical mixture (1:1), T HCl-loaded Eudragit® RS100-based NPs (F5), and T HCl-loaded chitosan-based NPs (F14) are shown in Fig. 5a, b. T HCl has characteristic IR peaks at 3038 (alkenyl C-H stretch and/or aromatic C-H stretch), 2970 (alkyl C-H stretch), 2,225 (alkynyl C≡C stretch), 1,596 (alkenyl C0C stretch), 1,490 (aromatic C 0C bending) cm −1 . Eudragit® RS100 has characteristic IR absorption frequencies at 3,444 (O-H stretch), 2,961 (alkyl C-H stretch) and 1,738 (C0O ester stretch) cm interactions and the compatibility between T HCl and the inactive formulation ingredients.
X-ray Diffractometry
The XRD of T HCl, Eudragit® RS100, chitosan, T HCl/ Eudragit® RS100 physical mixture (1:1), T HCl/chitosan physical mixture (1:1), T HCl-loaded Eudragit® RS100-based NPs (F5), and T HCl-loaded chitosan-based NPs (F14) are depicted in Fig. 6a, b. T HCl is crystalline in nature and showed sharp intense peaks at 2°θ; 14.67°, 8.98°, 5.53°, 4.49°, 4.41°, 4.16°, 3.67°, 3.48°, 3.37°, 2.93°, and 2.64°. On contrary, Eudragit® RS100 and chitosan are completely amorphous and showed no distinct diffraction peaks. The X-ray spectra of the prepared physical mixtures exposed that the T HCl peak intensities were decreased, possibly due to the dilution effect, without a qualitative disparity of its diffractogram. The incorporation of T HCl in these polymeric NP reservoirs reduced its crystallinity. In other words, the disappearance of certain drug peaks in the XRD of the NPs, compared with the drug/polymer physical mixture, could indicate the dispersion of the drug within these NPs in a micro-crystalline or a semi-crystalline form. The latter is characterized by the close association of the amorphous and crystalline phases in a threedimensional interphase (44) . Similar findings were reported for the dispersion of sulfacetamide within Eudragit® RL100 NPs (17).
Short-term Physical Stability Study of Nanosuspensions
The physical appearance of the stored NP suspensions (F5 and F14) was promising. The samples retained their homogenous distribution by gentle shaking. Table IV shows the change percentages in MPS, ζ potential, and EE% after storage at 4°C and 25°C for 60 days. At 4°C, the NPs showed slight increases in MPS (3.54% and 3.33%, respectively) and minor decreases in ζ potential (1.45% and 0.93%, respectively) and EE% (2.80% and 2.20%, respectively). When stored at 25°C, the change percentages in these values were significantly (P<0.05) higher. Consequently, storage of NP suspensions at 4°C is recommended to ensure good physical stability.
Based on the higher EE% and the longer T 50% , one NP suspension (F5) was selected for further in vivo studies.
Pharmacokinetics of T-HCl in the Rabbit Aqueous Humor
There are two protocols for the estimation of the drug pharmacokinetics in the aqueous humor of rabbits; the first one involves pooling data from different subjects to generate singlesubject estimates. As previously reported, this approach has an advantage of maintaining the integrity of the rabbits , corneas and the anterior chamber volume. When used to study the ocular pharmacokinetics in humans, it yields inaccurate and imprecise estimates because of inter-and intrasubject variations (45) . The second technique involves a sequential sampling of the aqueous humor from the same rabbits. This approach permits more rigorous examination of ocular pharmacokinetics where the rabbit acts as his own control eliminating both inter-and intrasubject variations (46) . However, it may negatively influence the corneal integrity leading to possible inflammation and reduced anterior chamber volume. In the current work, the second technique was adopted with careful consideration to its negative impacts. The aqueous humor concentration (mean±SD) time profiles of T HCl following ocular instillation of the best-achieved NP suspension (F5) and the oily drug solution in rabbits are depicted in Fig. 7 . The differences between the estimated drug pharmacokinetic parameters (C max , T max , and MRT (0-8h) ) of the two treatments are illustrated in Table V. It is clear that the mean (±SD) C max of the oily solution (79.347±54.400 ng/ml) was higher than that of the NP suspension (57.310±33.029 ng/ml). The delay in the median T max (from 1 to 2 h) as well as the prolongation in the MRT (0-8h) (from 2.264± 0.768 to 4.849±0.596 h) for the oily solution and the NP suspension, respectively could indicate the controlled-release characteristics of the latter. These statistically significant (P<0.05) results could be related to the ionic interaction between the positively charged NPs and the negatively charged sialic acid residues present in the mucous of the cornea and conjunctiva (17) .
Based on the calculated AUC (0) (1) (2) (3) (4) (5) (6) (7) (8) values, the increase in the ocular bioavailability was found to be 1.657-fold. The drug penetration enhancement following the instillation of the NP suspension, could be related to colloidal carrier nature of NPs (nanosphere-mediated phenomenon) (47) as well as the appropriate drug lipophilicity (log P03.3). As reported, the optimum lipophilicity for transcorneal drug delivery corresponds to log P values of 2-3 (48). T HCl is expected to enhance the transcorneal passive diffusion along the drug concentration gradient via transcellular pathways (49) .
On contrary, the poor wettability and fast clearance from the pre-ocular surfaces negatively influence the ocular bioavailability of the oily drug solution (50) .
CONCLUSIONS
The current approach succeeded in developing promising T HCl-loaded Eudragit® RS100-and chitosan-based NPs by a simple nanopreciptation method. The developed NPs could be considered as a potential ophthalmic reservoir by virtue of their particle size, positive surface charge, controlled drug release characteristics, good physical stability, as well as high drug concentrations in the rabbit aqueous humor. Further studies should be conducted to explore the chemical stability of the drug in the developed formulae and prove the clinical efficacy of the best achieved systems in healthy human volunteers.
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